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Department of Chemistry, New York University, New York, New YorkABSTRACT It was found recently that DNA catenanes, formed during replication of circular plasmids, become positively (þ)
supercoiled, and the unlinking of such catenanes by type IIA topoisomerases proceeds much more efficiently than the unlinking
of negatively () supercoiled catenanes. In an attempt to explain this striking finding we studied, by computer simulation, confor-
mational properties of supercoiled DNA catenanes. Although the simulation showed that conformational properties of (þ) and
() supercoiled replication catenanes are very different, these properties per se do not give any advantage to (þ) supercoiled
over () supercoiled DNA catenanes for unlinking. An advantage became evident, however, when we took into account the
established features of the enzymatic reaction catalyzed by the topoisomerases. The enzymes create a sharp DNA bend in
the first bound DNA segment and allow for the transport of the second segment only from inside the bend to its outside. We
showed that in () supercoiled DNA catenanes this protein-bound bent segment becomes nearly inaccessible for segments
of the other linked DNA molecule, inhibiting the unlinking.INTRODUCTIONCatenanes, or topologically linked circular molecules, were
first extracted from living cells by Vinograd and co-workers
(1,2). It was proven later that catenanes appear at the end of
replication of circular DNA (3). Because two newly repli-
cated DNA molecules have to be separated into different
daughter cells, they have to be unlinked. This job is per-
formed by type IIA DNA topoisomerases, which catalyze
the passing of one double-stranded DNA segment through
another and, in this way, change DNA topology. The unlink-
ing has to be complete, and this is a difficult problem in a
very crowded cellular environment, because an act of the
strand-passing reaction cannot only reduce but also increase
the linking between two circular DNAs. A few different
mechanisms were developed by cells that promote the un-
linking versus linking (4,5).
Among those mechanisms an important role belongs to
DNA supercoiling. Tight interwound conformations of
supercoiled DNA molecules greatly reduce the probability
that DNA molecules will be linked with one another at ther-
modynamic equilibrium (6). It is less clear how supercoiling
affects the kinetics of the unlinking process, and quite unex-
pected observations were made about this kinetics. It was
found that unlinking of supercoiled DNA linked with small
relaxed circles proceeds much more efficiently than relaxa-
tion of the supercoiling (7). A striking result was recently
reported by Baxter et al. (8), who investigated the unlinking
of newly replicated yeast plasmids. The authors of the study
concluded that temporal positive, (þ), supercoiling is intro-
duced into linked plasmids by the combined action of
DNA topoisomerases, mitotic spindles, and condensins.
This supercoiling promotes unlinking of the catenanes
much better than negative, (), supercoiling. To understandSubmitted June 2, 2011, and accepted for publication August 11, 2011.
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0006-3495/11/09/1403/9 $2.00this observation we need to know more about the conforma-
tional properties of supercoiled DNA catenanes. In this
study we performed systematic investigation of these pro-
perties and used the results to analyze the finding by Baxter
et al. (8).
It is not easy to investigate conformational properties of
DNA catenanes experimentally. Electron or atomic force
microscopy may look like the most direct way to address
the problem (9). However, DNA molecules on the scale of
thousands of basepairs are very flexible and therefore binding
the molecules with a grid during sample preparation has to
disturb catenane conformations. Therefore, indirect biophys-
ical methods complemented by computer simulations turned
out to be very useful in this case. Themeasured and simulated
equilibrium properties of DNA catenanes were found to be in
very good agreement (6,10,11). These and other studies of
DNA conformational properties convincingly proved that
computer simulation of DNA conformations based on the
discretewormlike chain model gives a very accurate descrip-
tion of various DNA properties that are difficult to address
experimentally (12). We used this simulation in this article’s
study of supercoiled DNA catenanes.
Our approach was based on the simulation of the equilib-
rium ensemble of catenane conformations for different link-
ing between DNA circles and different supercoiling. The
simulated conformational sets were analyzed statistically
to estimate how the catenane parameters affect juxtaposi-
tions of DNA segments that belong to the same or different
topologically linked circular molecules. The statistical re-
sults were used to analyze how the rate of the catenane un-
linking by type IIA DNA topoisomerases should depend on
DNA supercoiling.
We concluded that although conformations of DNA cate-
nanes in protein-free (þ) supercoiled molecules are very
different from the conformations of () supercoiled mole-
cules, the difference cannot explain the preferential unlinkingdoi: 10.1016/j.bpj.2011.08.011
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Baxter et al. (8). However, the experimental finding was ex-
plained easily when we took into account the known confor-
mational features of the reaction catalyzed by type IIA DNA
topoisomerases. We found that due to the sharp protein-
induced DNA bend the bound enzymes are mainly located
at apices of the interwound branches of () supercoiled cat-
enanes. At such locations the enzyme is nearly inaccessible
for other segments, so the strand-passing reaction proceeds
very slowly in the () supercoiled catenanes. There is no
such problem in (þ) supercoiled catenanes because super-
coiling does not create interwound branches there, so in
this case the unlinking can proceed many times faster.METHODS
DNA model
We modeled double-stranded DNA by the discrete wormlike chain, also
accounting for DNA torsional rigidity, the excluded volume of its segments,
and intersegment electrostatic interaction (12,13). A circular DNA mole-
cule was modeled as a closed chain consisting of n rigid segments that
are cylinders of equal length l. The value of l corresponds to a few base-
pairs, and is chosen to be sufficiently small so that the simulation results
do not change upon its further reduction. It has been shown that l of
10 nm is sufficiently small for the modeling DNA supercoiling (13). In
our study, l was equal to 4.76 nm.







where the summation extends over all the joints between the elementary
segments, qi is the angular displacement of segment i relative to segment
i – 1, g is the bending rigidity constant, and kBT is the Boltzmann temper-
ature factor. In this model the bending rigidity, g, is directly related to DNA
persistence length, a:
g ¼ a=l: (2)
The value of a was equal to 48 nm in this study (14,15).
The excluded volume effect and electrostatic interactions between DNA
segments are taken into account in the model via the concept of the effective
diameter, d (16–18). This is the diameter of impenetrable uncharged cylin-
drical segments of the model chain, so conformations with overlapping
segments were considered as having infinite energy. At ionic conditions
close to physiological ones the value of d equals 5 nm (19). This value
was used in our study.
The energy of themodel chain also depended on its torsional deformation.
Instead of explicit specification of the torsional deformation of the chain
segments, the total deformation of the chain, DTw, was expressed by the
equation
DTw ¼ DLk Wr; (3)
wherewrithe,Wr, is a propertyof thechain axis alone (20), andDLk is the link-
ing number difference of the simulated DNA. The Wr of each conformationFIGURE 1 Regular form of a torus catenane. The linking number of the
two contours, Ca, equals 7. Each contour of the catenane forms a right-
handed helix in this conformation, with a positive Wr. In this particular
conformation, Wr of each contour equals 1.22.was calculated as described in Le Bret (21), while the value ofDLk is consid-
ered as a parameter in each simulation. Hence, in this model, the torsional




ðDLk WrÞ2; (4)Biophysical Journal 101(6) 1403–1411where C is the torsional rigidity constant, and L is the DNA length. We used
the value of 3$1019 erg$cm for C in this study (22,23). This value of C
corresponds to the torsional persistence length of 75 nm.
A stretch of three consecutive segments of the chain was used to model
the complex of a type IIA topoisomerase with a G-segment of DNA (the
first of two DNA segments participating in the strand-passing reaction).
The stretch has a flat conformation with two 75 angles between adjacent
segments, in accordance with the complex structure (24). This conforma-
tion did not change during the simulation run.Simulation procedure
Sampling of the equilibrium ensemble of DNA catenanes was performed by
the Metropolis Monte Carlo procedure (25). The crankshaft move was used
for the chain deformation during the procedure (13). At least 107 moves
were performed on each chain of the catenanes for each set of topological
parameters: Ca, the linking number of two chains that model double-
stranded circular molecules, and DLk of each chain (see the corresponding
definitions below). We tested that the calculated statistical properties of the
sampled ensembles did not change when the simulation started from very
different initial conformations. Usually initial conformations were obtained
by preliminary simulation run started from a regular conformation of the
catenanes, similar to one shown in Fig. 1.
To preserve the topology of the circular chains during the simulation we
checked it after each deformation step. The new conformation was rejected
if its topology was different from the topology of the current conformation.
The topology check was performed by calculating the Alexander polyno-
mial for each of the circular chains, D(t), for t ¼ 1 and the Alexander
polynomial for links of two chains, D(s,t), for s ¼ 1, t ¼ 1 and for
s ¼ 1, t ¼ 2 (26,27).Test of segment juxtapositions
In the simulation of protein-free catenanes all segments of the chains were
equivalent and the juxtaposition test was executed for all pairs of segments.
The test consisted of calculating the distance between their centers. A more
complex test was used to ensure proper juxtaposition with the three-segment
stretch that modeled the DNA-protein complex. Segment i of the same or
other chain was considered to be juxtaposed with the complex if: 1),
the center of segment i was separated by <10 nm from the center of the
Unlinking DNA Catenanes 1405three-segment stretch; 2), segment i intersected the plane of the stretch;
and 3), the angle between the plane of the stretch and segment i exceeded 45.FIGURE 2 Diagram of simple (left) and interwound helices (right)
closed by loops. Although the writhe of the helices depends on the winding
angles a, it is always positive for a right-handed simple helix and negative
for a right-handed interwound helix (20).RESULTS AND DISCUSSION
Conformational properties of supercoiled torus
catenanes
From a topological point of view, DNA catenanes that
appear at the last stages of circular DNA replication belong
to the class of torus links. Linked contours of this class can
be placed on the surface of torus without self-intersections.
This class of links is very important in biology, although the
torus links constitute a very small fraction of all possible
links of two closed contours (28). Of course, links formed
by complementary strands of circular, unknotted DNA
belong to this class as well. The topology of torus links
can be uniquely specified by a single descriptor: the linking
number. When a torus catenane is placed on a torus surface
without self-intersections, the linking number equals the
number of turns one contour makes around the other
(Fig. 1). To distinguish the linking number of two double-
stranded DNAs from the linking number of the comple-
mentary strands, the notations Ca and Lk are used in the
literature on DNA catenanes. We will follow this notation
here. The linking number can be both positive and negative
(it equals zero for unlinked circular contours). By conven-
tion, Lk of links formed by the complementary strands of
double-stranded DNA is positive. Each contour of positive
torus links forms a right-handed helix in the regular confor-
mation (see Fig. 1). DNA catenanes appearing at the last
stage of replication are also positive because they represent
a topological relic of the parental circular DNA (3). In this
study we investigated only the properties of positive torus
catenanes, which we will also call replication catenanes.
In general, each circular DNA molecule of the catenanes
is supercoiled (see Bauer (29) and Vologodskii and Cozzar-
elli (30), for example). Quantitatively DNA supercoiling is
specified by the DNA superhelix density, s. It equals the
linking number difference of complementary DNA strands,
DLk, normalized by the number of the helix turns in the cor-
responding relaxed DNA,
s ¼ DLkg=N; (5)
where g is the number of basepairs per helix turn in the
torsionally relaxed double helix, and N is the number of
basepairs in each circular DNA. Structurally, DLk is parti-
tioned between torsional and bending deformations,
DLk ¼ DTwþWr; (6)
where DTw is the deviation of DNA twist from its value in
the torsionally relaxed DNA andWr is a measure of chirality
of DNA conformation (20,31). The value of DLk does not
change during conformational changes in the circular DNAat particular solution conditions, whereas the partitioning
between DTw and Wr is different, in general, for each
DNA conformation. There are two types of helices that
can be considered as references for Wr—the simple helix
and the interwound one (Fig. 2). It is important for our anal-
ysis that the negative values of Wr are associated with the
right-handed interwound superhelix and left-handed simple
helix (20). Isolated protein-free DNA molecules always
form interwound superhelices (30).
There is a well-pronounced symmetry between equally
supercoiled molecules with opposite values of s (under con-
dition that jsj < 0.05). This symmetry means that (þ) and
() supercoiled molecules of the same length and jDLkj
are represented in solution by symmetrical sets of conforma-
tions. This is manifested by equal electrophoretic mobility
of (þ) and () supercoiled DNA with the same jDLkj
(32). However, the conformational symmetry between (þ)
and () supercoiled DNA disappears when the molecules
form positive torus catenanes. It is much easier to incorpo-
rate positively supercoiled DNA molecules in positive cate-
nanes, because each individual DNA molecule forms a
simple right-handed helix in a regular conformation of
such catenanes (see Fig. 1), and therefore has positive Wr
in these conformations. Thus, we can expect that (þ) super-
coiled DNA experiences much less stress in positive
catenanes.
To characterize the density of linking between two
circular DNAs of equal size, it is useful to normalize Ca
by the number of helix turns in the linked circular DNAs.
The catenane density, 2, will specify approximately theBiophysical Journal 101(6) 1403–1411
1406 Vologodskiisame density of nodes on a projection as the corresponding
value of s in supercoiled DNA, if we normalize Ca by a half
of helix turns in one of the linked DNA molecules,
2 ¼ 2Ca
N
g: (7)FIGURE 3 Typical simulated conformations of supercoiled DNA catenanes.
of 11 (A) and 5 (B). The values of s, shown near each of the conformations, ar
Biophysical Journal 101(6) 1403–1411We simulated equilibrium sets of conformations for posi-
tive torus catenanes formed by supercoiled DNA molecules
with s between 0.045 and 0.03. Typical conformations
from these sets are shown in Fig. 3 for catenanes with 2 of
0.08 and 2 of 0.036 (2 of 0.08 is close to the maximum
one observed in the replication catenanes (33)). TheThe simulations correspond to DNA molecules of 2.9 kb in length and Ca
e identical for each of the model chains.
FIGURE 4 Juxtaposition of DNA segments in the replication catenanes.
The computation was performed for two values of 2, 0.08 (open circles) and
0.036 (solid circles). The effective concentration of one segment in the
vicinity of another segment was calculated for interchain (solid lines and
symbols) and intrachain juxtapositions (shaded lines and symbols). The
computation was performed for DNA molecules of 2.9 kb in length.
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especially well pronounced for the higher value of 2. In
agreement with the above remarks, we see that () super-
coiling tends to push out interwound loops with negative
Wr. The conformations of these catenanes are very tight,
and have well-pronounced structural elements of regular
torus links. Conformations of (þ) supercoiled catenanes
are very different. They are very loose and remind one of
random coils. There are no elements resembling regular in-
terwound superhelices or regular torus catenanes. For 2 of
0.036, conformations of (þ) and () supercoiled DNA are
not so strikingly different. Still, for sufficiently high ()
supercoiling, s < 0.03, extended branches of interwound
superhelices become major structural elements of the
catenanes.
Any enzymatic reactions that involve two DNA sites
separated along the molecule contour require juxtaposition
of two DNA segments. The available data show that the
rate of enzymatic reactions involving two DNA sites is
proportional to the equilibrium probability of juxtaposition
of the participating DNA segments rather than the rate of
their first collision (34,35). This means that many collisions
of the sites are needed, on average, before the proper reac-
tion complex is formed. Thus, to understand the influence
of supercoiling on the rate of topological changes in the cat-
enanes, we need to know how the probability of juxtaposi-
tion of DNA segments depends on DNA supercoiling.
We performed statistical analysis of the simulated equi-
librium sets of the catenane conformations to estimate the
probability of juxtapositions of two arbitrary chosen seg-
ments of the model chains. During this computation we
assumed that two segments are juxtaposed if the center
of the second segment is located inside the sphere 10-nm
in radius drawn around the center of the first segment.
Although the juxtaposition probability defined in this way
depends on the sphere diameter, the dependence nearly
disappears if it is normalized by the sphere volume. The cor-
responding value, Rj, is similar to the j-factor—the effective
concentration of one end of a polymer chain in the vicinity
of the other end. During this analysis we combined the data
for loops of various lengths.
Computed values of Rj for juxtaposition of the segments
belonging to different chains of the catenanes are shown in
Fig. 4. We see from the figure that () supercoiling of DNA
substantially increases Rj, whereas small (þ) supercoiling
decreases it relative to the torsionally relaxed DNA. Only
sufficiently high (þ) supercoiling increases Rj. This effect
of supercoiling is in agreement with our qualitative analysis
of catenane conformations, which shows that only ()
supercoiling substantially tightens the conformations of
the positive catenanes, positioning their segments closer to
one another (see Fig. 3).
We also investigated Rj for the segments of the same
chain (Fig. 4). The obtained dependence of Rj on s is similar
to the effect of supercoiling for the interchain juxtaposition:the increase of Rj is larger for () supercoiled than for (þ)
supercoiled molecules.
Assembling a reaction complex that includes two DNA
sites requires proper orientation of the juxtaposed sites, so
the distribution of angles between juxtaposed sites can
affect the reaction efficiency. An example of such an effect
was shown for the DNA strand-passage reaction catalyzed
by Escherichia coli Topo IV topoisomerase (36,37). There-
fore, we investigated how DNA supercoiling affects the
distribution of angles between the juxtaposed sites.
The angle between two juxtaposed DNA segments is
defined in interval [0, 360], if the segments have direction-
ality. The directionality can be specified by DNA sequence.
If two segments belong to a single DNAmolecule, the direc-
tionality can be set by arbitrarily choosing a direction in the
DNA contour. However, DNA segments have no direction-
ality for enzymes that bind DNA without sequence speci-
ficity. In this case, the angle between two juxtaposed
segments is defined in interval [0, 180] (Fig. 5). To obtain
a more complete picture, we will assume in our analysis that
both DNA molecules have an identical sequence that sets
their directionality, so the angle between the segments will
be measured between 0 and 360. All segments were given
the same direction relative to the contours. The obtained
angle distributions have to be reduced to interval [0, 180]
if we apply them for the analysis of enzymatic reactions
without sequence-specificity to DNA sites. To perform the
reduction, the angles 4 that exceed 180 should be con-
verted to angles 4  180.
We calculated the angle distribution for 2 of 0.036 and
0.08 and different values of 2 (Fig. 6). One can see that
the results for the two values of 2 are very close to oneBiophysical Journal 101(6) 1403–1411
FIGURE 6 Distributions of angles between juxtaposed segments in
supercoiled torus catenanes. The distributions for interchain (solid lines
and symbols) and intrachain (shaded lines and symbols) juxtapositions
FIGURE 5 Definition of the angle between two juxtaposed DNA
segments. If the segments have a directionality, the angle is specified in
interval [0, 360]. The directionality, specified by the segment sequence
or by the connectivity of the DNA contour, cannot be essential for proteins
that bind DNA without sequence specificity. In this case, the interval of
distinguishable angles is reduced to [0, 180], as the figure shows.
1408 Vologodskiianother. For reference, the angle distribution for two
random, uniformly distributed vectors is shown in the top
panel of Fig. 6. This distribution has pronounced minima
and maxima due to the fact that we used the spherical coor-
dinate system. First, we see that the angle distributions for
interchain segment juxtaposition are practically indepen-
dent of the supercoiling, with a maximum between 290
and 300. This is the angle in regular areas of positive
torus catenanes, clearly seen in Fig. 3 in conformations
with s < 0.
Conformations of (þ) supercoiled DNAs are very
different from conformations of the () supercoiled mole-
cules, so it is quite unexpected that the distribution hardly
alters with the change of the supercoiling sign. The angle
distributions for intrachain juxtapositions are changing
substantially with supercoiling, however. The distribution
for s of 0.045, with the peak near 120, well represents
the corresponding distribution for isolated () supercoiled
DNA molecules that form right-handed interwound super-
helices (38). The distribution maximum for (þ) supercoiled
DNA is shifting to 240 with the supercoiling increase, as is
observed for isolated (þ) supercoiled molecules (this is
clearly pronounced for 2 of 0.036). For 0.015 > s <
0.015, the juxtaposed segments of the same molecule have
mainly parallel orientation, because the angles are distrib-
uted mainly at ~0 (360). Such angles are expected for
the juxtaposed segments that form a simple helix. Our visual
inspection of the simulated conformations showed that these
helical structures consist mainly of isolated single loops.were obtained via the statistical analysis of simulated equilibrium sets
of catenane conformations. The computation was performed for 2 of 0.08
(A) and for 2 of 0.036 (B). For comparison, the angle distribution for two
random vectors uniformly distributed in space (A, top panel) is shown
(dotted line).Unlinking of replication catenanes by type IIA
DNA topoisomerases
Studying the unlinking of the replication catenanes, Baxter
et al. (8) unexpectedly found that positively supercoiled cat-
enanes are unlinked more efficiently than negatively super-
coiled catenanes. We will try now to understand this finding
by using the simulation results.Biophysical Journal 101(6) 1403–1411The action cycle of type IIADNA topoisomerases consists
of a few steps. First, the enzymes bind a DNA segment,
G-segment. Then they wait while another segment,
T-segment, which belongs to the same or another DNA
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bound enzyme. When a T-segment is caught, the enzyme
introduces a temporary break in the G-segment, attaching
created DNA ends to itself (39). The T-segment migrates
through the break and then the break is resealed. Finally,
the T-segment exits through the exit gate of the enzyme.
Thus, the T-segment is passing through the G-segment.
Such strand-passing may change the topological link
between two circular DNAs. We will try to estimate how
the expected rates of the unlinking should depend on
DNA supercoiling. We assume that the rate-limiting step
of the strand-passing reaction is the binding of a T-segment
by the G-segment-bound enzyme. This assumption is sup-
ported by the fact that the protein-DNA binding constants
with () and (þ) supercoiled DNA (G-segment binding)
are identical, whereas the rate of relaxation of (þ) and ()
supercoiling by E. coli topo IIA, Topo IV, differs by more
than an order of magnitude (36,37). This assumption means
that the rate of unlinking is proportional to the probability of
the proper juxtaposition of the G-segment-bound enzyme
with a potential T-segment.
Let us assume first that the topoisomerase binding with
the G-segment does not affect the probability of its juxtapo-
sition with other segments. The local concentration of one
segment in the vicinity of another for interchain segment
juxtaposition is plotted in Fig. 4. We see from the figure
that the probability is essentially higher for () supercoiled
DNA than for the (þ) supercoiled one with the same abso-
lute value of s, so these data do not show any advantage of
(þ) supercoiling for the catenane unlinking. For low cate-
nane density, 0.036, the ratio of interchain/intrachain juxta-
positions slightly increases for (þ) supercoiled molecules,
but the effect is small (see Fig. 4). So, the competition
from intrachain strand passings for the same enzyme mole-
cules should not give an advantage to (þ) supercoiled DNA
either.
When the enzymes are catching a T-segment, they impose
certain requirements on the mutual orientation of G- and
T-segments (37). So, we have to analyze whether orientation
requirements could give an advantage to (þ) supercoiled
catenanes. It follows from Fig. 6 that the distribution of
the mutual orientations of juxtaposed segments that belong
to different DNAs of the catenane only changes slightly with
the supercoiling variation. The distribution maximum re-
mains close to 300 (120 for the topoisomerases), although
the distribution for (þ) supercoiled DNA is slightly wider
than for () supercoiled molecules. It is known that Topo
IV from E. coli can only accept potential T-segments that
form angles at ~60 with the G-segment (37). In such a
case, the broader distribution for (þ) supercoiled catenanes
would be an advantage for the unlinking. The angle require-
ments for the type IIA topoisomerase used by Baxter et al. in
their in vitro experiments, human topo II, are not known.
However, the enzyme better relaxed () supercoiled DNA
than (þ) supercoiled linked molecules (8). This meansthat the required angle between T- and G-segments has to
be closer to 120 than to 60. We have to conclude that an
angle requirement for the juxtaposed segments cannot pro-
mote faster unlinking of (þ) supercoiled catenanes.
Thus, the computational results show that neither the
juxtaposition probabilities nor the distributions of angles
between naked juxtaposed DNA segments can explain faster
unlinking of (þ) supercoiled replication catenanes. It is
known, however, that type IIA topoisomerases introduce
a strong bend in G-segment when they bind it and the trans-
port of the T-segment proceeds from inside the protein-
bound G-segment to the outside (24,40,41). We tested
whether these features of the reaction can explain the
much more efficient unlinking of (þ) supercoiled catenanes.
To do this we simulated the catenane conformations with the
enzyme-bound G-segment. The G-segment was modeled by
three consecutive cylindrical segments of the model chain,
5 nm in length each, with 75 bends between segments 1
and 2 and 2 and 3, so the total bend constituted 150, in
agreement with x-ray data (24). Although the enzyme was
not modeled explicitly, we assumed that it is bound with
the G-segment and kept the conformation of this three-
cylinder element unchanged during the simulation, while
conformations of all other parts of the chains were sampled
by the Monte Carlo procedure (see Methods). In agreement
with the reaction model (24,40,42), a segment was consid-
ered as a potential T-segment only if it was inside the hair-
pinlike conformation of the G-segment (see Methods for the
exact definition of juxtaposition).
We found that segments of the other chain are often
located in the interior of the bent G-segment in (þ) super-
coiled catenanes, forming potential T-segments. The proba-
bility of such events was very high, ~0.05 for catenanes with
2¼ 0.08 and s¼ 0.03. A typical juxtaposition of this kind is
shown in Fig. 7 A. Thus, (þ) supercoiled catenanes repre-
sent a good substrate for the enzyme. However, () super-
coiling of the catenanes nearly completely blocks the
unlinking. The mechanism of the phenomenon becomes
clear from the conformation of () supercoiled catenanes
shown in Fig. 3. We see from the figures that () super-
coiled interwound branches are pushed out from the region
where two DNA molecules interwind. Because the enzyme-
bound G-segments are strongly bent, the G-segment appears
at one of the apices of interwound branches very soon after
the binding (Fig. 7 B). This phenomenon, the localization of
strongly bent elements at the apices of the interwound DNA
superhelix, where DNA has to be bent in any case, is well
known from both experimental and theoretical studies
(43–45). Such localization of the bent G-segment makes
nearly impossible its juxtapositions with a potential
T-segment that has to be inside the apex. The corresponding
probability is so small that we were only able to estimate
that it is <0.002 for catenanes with 2 ¼ 0.08 and s ¼
0.03. We can suggest that unlinking of () supercoiled
catenanes only occurs if the enzyme catches a T-segmentBiophysical Journal 101(6) 1403–1411
FIGURE 7 Typical conformations of supercoiled replication catenanes
with the bent protein-bound G-segment (shown by red (dark)). In loose
conformations of (þ) supercoiled catenanes (A), segments of the other
chain are often located in the interior of the G-segment, so they can
serve as T-segments. In the () supercoiled catenanes (B), strongly bent
G-segments are nearly always located at one of the branch apices. In this
case, the interior of the G-segment is hardly accessible to other segments
of the chains.
1410 Vologodskiivery soon after G-segment binding, before the latter
segment migrates to the apex of a superhelix branch.
Baxter et al. also observed that unlinking of (þ) super-
coiled catenanes occurs notably faster than the supercoiling
relaxation (Fig. 3 of Baxter et al. (8)), although it is diff-
icult to estimate the effect quantitatively. In agreement
with this observation, the simulation showed that the prob-
ability of intrachain juxtaposition with the bent G-segment
is ~20-times lower than the probability of interchain juxta-
position (for 2 ¼ 0.08 and s ¼ 0.03).
Our computational analysis showed that the mode of type
IIA DNA topoisomerase action makes (þ) supercoiled DNA
catenanes much more favorable for unlinking than ()
supercoiled catenanes. This gives us one more example of
how protein-induced DNA bending can strongly affect
enzymatic topological transformations of DNA molecules.
It was shown that the magnitude of the protein-induced
bend can dramatically change topological outcomes of the
site-specific recombination (45). A protein-induced DNA
bend postulated in the model of topo IIA topoisomerase
action was intended to explain the amazing ability of the
enzymes to reduce the steady-state fractions of knots and
links in circular DNA many times below the corresponding
equilibrium fractions (40,46). Later the G-segment bendingBiophysical Journal 101(6) 1403–1411was proven experimentally (24,40,41,47), and Roca and
Wang (42) had established the second key feature of the
model: the unidirectional transport of the T-segment through
the enzyme. Thus, both features of the suggested model,
consisting of the protein-induced bending of the G-segment
and the unidirectional transport from inside the bend to the
outside, were proven. Here we found that the same features
of the enzyme action explain much more efficient unlinking
of (þ) supercoiled replication catenanes compared to ()
supercoiled links, unexpectedly found by Baxter et al. (8).
We analyzed here the unlinking of (þ) and () super-
coiled replication catenanes in the in vitro experiments (8).
In this case, all components of the system are well defined
and can be modeled without additional assumptions. We
do not know enough about the state of the plasmids during
unlinking inside the yeast cells to model the process. The
results of Baxter et al. strongly suggest, however, that the
linked DNAs are essentially free from nucleosome, because
they are extracted as (þ) supercoiled molecules. Indeed,
nucleosomes accumulate large () supercoiling that would
be very difficult to overcome to obtain overall (þ) supercoil-
ing. Therefore, we think that the same mechanism helps to
unlink the replication catenanes in vivo, where their (þ)
supercoiling was discovered by Baxter et al. (8).
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